These peptides were not immunoprecipitated when the antiserum was preincubated with its cognate immunogen, a GST-PAH2 fusion protein, demonstrating the antibody specifically recognizes mSin3A proteins ( Figure  1A , ''block'' cf. lanes 1 and 2).
To determine whether mSin3A associates with HDAC1 and HDAC2, immune and blocked anti-mSin3A precipitations were carried out under low stringency conditions (buffers lacking SDS and deoxycholate). While these immunoprecipitates showed increased background of nonspecific protein binding ( Figure 1A , lanes 3 and 4), specific proteins in the complexes were identified following dissociation and reprecipitation under high stringency conditions (buffers containing SDS and deoxycholate). Low stringency anti-mSin3A precipitates were subjected to a second round of immunoprecipitation under high stringency conditions using affinity-purified antibodies against the C-termini of HDAC2 or HDAC1 (Taunton et al., 1996; see Experimental Procedures) . Both HDAC2 and HDAC1 proteins were identified as components of low stringency mSin3A immunocomplexes ( Figure 1A ). Anti-HDAC2 recognized a 50 kDa protein that comigrated with HDAC2 immunoprecipitated under high stringency conditions ( Figure 1A , lanes 5-7). Anti-HDAC1 reacted with a 55 kDa protein that comigrated with HDAC1 immunoprecipitated under high stringency conditions ( Figure 1A , lanes 8-10). Neither HDAC1 nor HDAC2 was detected in low stringency antimSin3A precipitates using blocked serum, indicating that HDAC1 and HDAC2 require the presence of mSin3A for coprecipitation. antiserum blocked with the peptide immunogen, further corresponds to the addition of cognate immunogen for the first demonstrating that mSin3A is associated with HDAC2
antibody: GST-PAH2 for the left-hand portion and HDAC2 C-terminal in vivo ( Figure 1A , lanes 11-17).
peptide for the right-hand portion of the panel. Lanes 5, 6, 15, and 16 To ascertain whether the in vivo complexes containing were exposed five times longer than the other lanes to demonstrate clearly the presence of HDAC1 and mSin3A. Bands corresponding mSin3A and HDAC1/2 possessed active histone deaceto mSin3A, HDAC1, and HDAC2 are identified. Positions of the motylase, low stringency immunocomplexes were assayed lecular mass markers are shown.
for their ability to deacetylate chicken histones (Hendzel deacetylase activity associated with mSin3A compared to HDAC2 may be due to mSin3A's association with HDAC1 as well as HDAC2. No significant histone deaceResults tylase activity was found associated with c-Myc, Max, or Mad1 immune complexes in these cells that do not mSin3A Associates with Histone express Mad1 ( Figure 1B ). These results demonstrate Deacetylases In Vivo that mSin3A is associated with a functional histone Immunoprecipitations were performed from [ 35 S]methiodeacetylase complex in vivo. nine-labeled 293 epithelial cells using an antibody against PAH2 of mSin3A. This antibody specifically rec-HDAC2 Binds a Conserved Repression ognizes the mSin3A doublet of ‫051ف‬ kDa produced by Domain of mSin3A in vitro translation of the cDNA for mSin3A and precipiTo determine the region within mSin3A that interacts with tates a 150 kDa doublet from lysates of labeled 293 cells HDAC2, 293 cells were transfected with plasmids expressing FLAG epitope-tagged HDAC2 (FLAG-HDAC2) under high stringency conditions ( Figure 1A , lane 1). and Myc epitope-tagged mSin3A (MT-mSin3A), or C-terdefined the segment important for binding by assaying smaller regions of mSin3A. Expression of PAH3 and the minal deletion mutants (diagrammed in Figure 2B ). MTmSin3A and the mutants were expressed at similar high region between it and PAH4 (PAH3ϩHID) was sufficient for binding to FLAG-HDAC2 ( Figure 2A ). MT-HID, but levels and were localized to the cell nucleus (data not shown). FLAG-HDAC2 complexes were immunoprecipinot MT-PAH3, bound FLAG-HDAC2, demonstrating that the region between PAH3 and PAH4 is sufficient for tated under low stringency conditions using anti-FLAG antiserum. Following dissociation of the precipitate, MTinteraction with HDAC2. We call this region of mSin3A the HDAC interaction domain (HID). mSin3A was immunoprecipitated under high stringency conditions using 9e10 antibodies that recognize the Myc Histone deacetylase activity associated with MTmSin3A and the deletion mutants correlated with HDAC2 epitope (anti-MT). Both full-length MT-mSin3A and a mutant with amino acids 1016-1219 deleted (N1015) binding ( Figure 2B ). Deletion of amino acids 681-1015, which reduced HDAC2 binding, also reduced associated were associated with FLAG-HDAC2 ( Figure 2A ). Deletion of amino acids 681-1015 (N680) resulted in decreased histone deacetylase activity, while further deletions exhibited no coprecipitated activity. The HID region that HDAC2 binding, and further deletion of amino acids 480-680 (N479) abolished binding ( Figure 2A ). We further bound HDAC2 was associated with wild-type levels of histone deacetylase activity, while PAH3 lacked deacetylase activity ( Figure 2B ). In addition, deletion of the HID from mSin3A resulted in a complete loss of associated histone deacetylase activity, consistent with our observation that this mutant demonstrates substantially reduced binding to FLAG-HDAC2 ( Figure 2B ; data not shown). These data map the HDAC2 binding domain of mSin3A to the conserved HID region adjacent to PAH3. We examined whether mSin3A's association with histone deacetylases was sufficient for repression by expressing PAH3 and the HID as Gal4 fusion proteins. Both constructs containing the HID (PAH3ϩHID and HID) repressed transcription, demonstrating the HID region is capable of repression ( Figure 2C ). Repression by mSin3A and the HID required Gal4 DNA binding sites in the reporter plasmid (Ayer et al., 1996 ; data not shown). Deletion of the HID from mSin3A did not inhibit mSin3A repression, however, suggesting that mSin3A may possess alternative means of repressing transcription in the absence of HDAC (data not shown). Nonetheless, our results indicate that association with histone deacetylases is sufficient for repression.
Mad1 Forms a Ternary Complex with mSin3A and HDAC2
We examined the ability of Mad1 to form a complex with mSin3A and HDAC2. 293 cells were transfected with plasmids expressing FLAG-HDAC2 and Mad1 or Mad1-Pro, a Mad1 mutant containing proline substitutions in the SID that does not bind mSin3A or repress transcription . Following low stringency immunoprecipitation with anti-FLAG antibodies, the immune is required for Mad1's association with HDAC2. These data, together with the fact that HDAC2 and Mad bind to separate regions of mSin3, indicate that Mad1, mSin3A, of trichostatin A (TSA), a specific inhibitor of histone and HDAC2 form a ternary complex.
deacetylases (Yoshida et al., 1995) . Mad repression was Association of Mad with histone deacetylase activity measured using proteins containing the Mad1 represwas examined in 293 cells transfected with plasmids sion domain (SID) fused to c-Myc. A previous study expressing Mad1, HA-tagged Mad1, or HA-tagged demonstrated that both transcriptional activation and Mad3. Deacetylase assays of anti-Mad1 or anti-HA transformation of c-Myc are inhibited by fusion with the (12CA5) immune complexes demonstrated that deacewild-type Mad1 SID (MadMyc), but not the SID contylase activity was associated with both Mad1 and Mad3 taining proline substitutions (MadProMyc) (Ayer et al., (Figure 3B) . No activity was precipitated by control sera. 1996). 293 cells were transfected with plasmids expressThese results indicate that Mad-mSin3-HDAC2 coming Myc, MadMyc, or MadProMyc, and a luciferase replexes contain functional histone deacetylase activity.
porter plasmid containing four copies of the Myc-Max binding site (CACGTG) upstream of the SV40 early proMad Repression Requires Histone moter (pGL2M4LUC; Figure 4 ). Myc transactivated the Deacetylase Activity reporter 3.5-fold compared to the empty vector, and To determine if associated histone deacetylase activity is required for Mad repression, we examined the effect fusion of a functional SID to Myc abolished the 3.5-fold that transcriptional repression can occur through targeting of histone deacetylases by a sequence-specific DNA-binding protein.
mSin3-HDAC Corepressor Complex
The identification of a mammalian homolog of yeast Rpd3p as a histone deacetylase led to the hypothesis that Sin3 represses transcription through a mechanism involving histone deacetylation (Wolffe, 1996) . We have demonstrated that endogenous mSin3A and the two related mammalian histone deacetylases, HDAC1 and HDAC2, are associated in vivo. Low stringency immunoprecipitaion using mSin3A antiserum coprecipitated HDAC1/2 and histone deacetylase activity, demonstrating that the mSin3A-HDAC2 complex is functional (Figure 1) . We have not observed direct binding of mSin3A to HDAC2 in vitro, suggesting that other proteins may be required for this interaction. The large size of both Sin3 and histone deacetylase complexes implies that a number of other proteins are necessary components (Carmen et al., 1996 ; M. M. Kasten et al., submitted). The identification of proteins associated with the mSin3- iting up to 50% identity between the mammalian and yeast proteins D. Pauli and G. Pannetta, personal communication) . However, pretransactivation (Figure 4 ). When the transfected cells viously identified interaction motifs are not evident were treated with TSA for 8 or 24 hr, MadMyc activated within this region. The HID region of mSin3A is capable transcription to the same levels as Myc or MadProMyc, of mediating transcriptional repression, providing strong indicating that the Mad1 SID lost its ability to repress evidence that the interaction of mSin3 with HDAC1 and transcription (Figure 4 ). These data suggest that Mad1 HDAC2 is functionally important (Figure 2 ). HDAC2 also repression requires histone deacetylase activity, prerepressed transcription when fused to a heterologous sumably through formation of a ternary complex with DNA binding domain, suggesting that interaction with mSin3 and HDAC1/2. HDAC is sufficient for repression (Yang et al., 1996a) . Our observation that inhibition of histone deacetylation Discussion by trichostatin A abolished Mad repression demonstrates that histone deacetylation is the principle mechWhile it has been known for years that changes in chroanism of Mad repression. However, our finding that matin structure are of fundamental importance in gene mSin3A can repress transcription in the absence of the regulation, it is only recently that genetic and biochemi-HID region suggests that mSin3 contains an alternative cal studies have merged to elucidate one mechanism repression domain active in the absence of bound for the dynamic alteration of chromatin structure: ace-
HDAC. tylation and deacetylation of histones (reviewed in Davie
In addition to the Mad proteins, at least three distinct and Hendzel, 1994; Kingston et al., 1996) . Generally, types of transcriptional repressors appear to utilize the there is a correlation between the level of histone aceSin3-HDAC corepressor. Ume6, a yeast DNA-binding tylation and the transcriptional activity of a gene (rerepressor regulating meiosis, binds Sin3p and requires viewed in Wolffe and Pruss, 1996) . Acetylation of nucleo-SIN3 and RPD3 for repression (Kadosh and Struhl, 1997 somal histones is thought to induce an open chromatin [this issue of Cell]). In addition, mSin3 is required for conformation, which allows the transcription machinery transcriptional repression by nuclear hormone recepaccess to promoters. Transcriptional activation has tors. In the absence of ligand, nuclear receptors bind been directly linked to acetylation of histones. The yeast the corepressor, NCoR, which represses transcription coactivator, Gcn5p, the mammalian coactivators, p300 through direct interaction with the mSin3-HDAC coreand CBP, and TAF II 250 possess histone acetyltransferpressor complex (Heinzel et al., 1997) . Finally, YY1 rease activity (Bannister and Kouzarides, 1996; Brownell pression is likely mediated by direct interaction with et Mizzen et al., 1996; Ogryzko et al., 1996;  HDAC2 (Yang et al., 1996a) . As observed for transcriptional activation, the regulation of histone acetylation Yang et al., 1996b) . In this study, we provide evidence appears to be a common mechanism underlying redeacetylation are fundamental regulatory mechanisms governing cell proliferation and differentiation. pression.
Experimental Procedures

Mad-Max Repression
The finding that Mad1 forms a ternary complex with histones within chromatin. In addition, the extent of hypoacetylation and DNA inaccessibility surrounding Mad target genes has not yet been addressed. However,
Immunoprecipitations and Western Blots
previous studies have suggested that hyper-or hypoImmunoprecipitations were performed as described (Blackwood et al., 1992) . Cells were lysed in high stringency Ab buffer (20 mM Tris acetylation can be a localized event compatible with the [pH 7 .4], 50 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.5% SDS, 0.5% activation or repression of specific genes (Van Lint et al., deoxycholate) or low stringency LS buffer (PBS containing 0.1% 1996; reviewed in Wolffe and Pruss, 1996) . We speculate NP-40) containing protease inhibitors, sonicated, clarified by centrifthat HDAC1/2 will exhibit a localized effect on nucleo- The model also has implications for Myc transcrip- ing sites, our results raise the possibility that Myc may drive histone acetylation. While this idea is attractive in that it proposes a balance between Myc-and MadSubcloning and Mutagenesis regulated transcription occurring through the opposing Fusion proteins were constructed by standard PCR and cloning techniques. Myc epitope-tagged mSin3A was generated by cloning actions of histone acetytransferases and deacetylases, the mSin3A cDNA into the pCS2ϩMT vector (Turner and Weintraub, there is no data to support the model. However, recent 1994). Carboxy-terminal deletion mutants were generated using inreports suggest that inappropriate histone acetylation ternal and polylinker restriction enzyme sites. MT-PAH3ϩHID, MT- can activate genes driving cell growth and lead to tumor PAH3, MT-HID, Gal-PAH3ϩHID, Gal-PAH3, and Gal-HID were conformation (Borrow et al., 1996; Reifsnyder et al., 1996;  structed by PCR and sequenced. FLAG epitope-tagged HDAC2 was reviewed in Roth, 1996) . These studies and the work generated by subcloning the HDAC2 cDNA in the pME18S vector (Shiio et al., 1992 ).
reported here demonstrate that histone acetylation and (1996) . Sin3 corepressor funcstandard procedures (Brasier and Fortin, 1995) . For experiments tion in Myc-induced transcription and transformation. Proc. Natl. using trichostatin A (TSA), transfected cells were split into 3 dishes Acad. Sci. USA 93, 8536-8540. 24 hr after transfection. One plate remained untreated; the others Heinzel, T., Lavinsky, R.M., Mullen, T.-M., Sö derströ m, M., Laherty, were treated with TSA (100 ng/ml) for 24 or 8 hr prior to harvesting.
C.D., Torchia, J., Yang, W.-M., Brard, G., Ngo, S.N., Davie, J.R., et Transfection efficiencies were normalized using a cotransfected al. (1997) . N-Cor, mSin3, and histone deacetylase-containing com-␤-galactosidase plasmid. plexes in nuclear receptor and Mad repression. Nature 387, in press. Hendzel, M.J., Delcuve, G.P., and Davie, J.R. (1991) . Histone deace
